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The evolutionary path to terminal differentiation and division of
labor in cyanobacteria
Abstract
A common trait often associated with multicellularity is cellular differentiation, which is a separation of
tasks through the division of labor. In principle, the division of labor does not necessarily have to be
constrained to a multicellular setting. In this study, we focus on the possible evolutionary paths leading
to terminal differentiation in cyanobacteria. We develop mathematical models for two develop- mental
strategies. One, of populations of terminally differentiated single cells surviving by the exchange of
common goods. Second, of populations exhibiting terminal differentiation in a multicellular setting.
After testing the two strategies against the effect of disruptive mutations (i.e. cheater mutants), we assess
the effects of selection on the optimization of the ratio of vegetative (carbon fixing) to hetero- cystous
(nitrogen fixing) cells, which in turn leads to the maximization of the carrying capacity for the
population density. In addition we compare the performance of differentiated populations to
undifferentiated ones that temporally separate tasks in accordance to a day/night cycle. We then
compare some predictions of our model with phylogenetic relationships derived from analyzing 16S
rRNA sequences of different cyanobacterial strains. In line with studies indicating that group or spatial
structure are ways to evolve cooperation and protect against the spread of cheaters, our work shows that
compart- mentalization afforded by multicellularity is required to maintain the vegetative/heterocyst
division in cyanobacteria. We find that multicellularity allows for selection to optimize the carrying
capacity. These results and the phylogenetic analysis indicates that terminally differentiated
cyanobacteria evolved after undifferentiated species. In addition we show that, in regimes of short
daylight periods, terminally differ- entiated species perform worse than undifferentiated species that
follow the day/night cycle; indicating that undifferentiated species have an evolutionary advantage in
regimes of short daylight periods.
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Abstract
A common trait often associated with multicellularity is cellular differentiation, which is a separation
of tasks through the division of labor. In principle, the division of labor does not necessarily have to
be constrained to a multicellular setting. In this study, we focus on the possible evolutionary paths
leading to terminal differentiation in cyanobacteria. We develop mathematical models for two develop-
mental strategies. One, of populations of terminally differentiated single cells surviving by the exchange
of common goods. Second, of populations exhibiting terminal differentiation in a multicellular setting.
After testing the two strategies against the effect of disruptive mutations (i.e. “cheater” mutants), we
assess the effects of selection on the optimization of the ratio of vegetative (carbon fixing) to hetero-
cystous (nitrogen fixing) cells, which in turn leads to the maximization of the carrying capacity for the
population density. In addition we compare the performance of differentiated populations to undifferen-
tiated ones that temporally separate tasks in accordance to a day/night cycle. We then compare some
predictions of our model with phylogenetic relationships derived from analyzing 16S rDNA sequences
of different cyanobacterial strains. In line with studies indicating that group or spatial structure are
ways to evolve cooperation and protect against the spread of cheaters, our work shows that compart-
mentalization afforded by multicellularity is required to maintain the vegetative/heterocyst division in
cyanobacteria. We find that multicellularity allows for selection to optimize the carrying capacity. These
results and the phylogenetic analysis indicates that terminally differentiated cyanobacteria evolved after
undifferentiated species. In addition we show that, in regimes of short daylight periods, terminally differ-
entiated species perform worse than undifferentiated species that follow the day/night cycle; indicating
that undifferentiated species have an evolutionary advantage in regimes of short daylight periods.
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1. Introduction
1.1. Multicellularity and the germline-soma divide
Multicellular organisms undergo cellular differ-
entiation in order to perform distinct tasks. A fun-
damental example is differentiation into germline
and somatic cells. This division of labor was first
elucidated by Weismann [95, 74] upon studying
aquatic animals such as hydrozoans, and green al-
gae of the order Volvocales. He distinguished be-
tween germ cells (Keimzellen) that contribute cells
and hereditary material to the subsequent gener-
ation of a multicellular individual, and somatic
cells (Somatische Zellen) that help in the survival
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of an individual during its lifetime. In some an-
imals, differentiation into germ cells can be irre-
versible, referred to as “terminal differentiation.”
The germline-soma divide is now viewed as a fun-
damental organizational scheme in complex mul-
ticellular organisms, and is central to understand-
ing the interplay between natural selection at the
level of the multicellular individual, and competi-
tion between its component cells [14, 12].
The separation between a germline and soma
is not unique to Eukaryotes, and is also mirrored
in differentiated multicellular cyanobacteria [72].
The latter can differentiate into vegetative and
heterocystous cells, which are functionally equiv-
alent to germline and soma respectively. More-
over, differentiation into heterocystous cells is ter-
minal. The fact that the same fundamental or-
ganizational scheme for the division of labor has
independently appeared in such disparate lineages
Preprint submitted to Journal of Theoretical Biology September 16, 2009
suggests that there may be general conditions that
favor the emergence of such an organization. With
this view in mind, multicellular cyanobacteria can
serve as a model organism for understanding the
developmental and ecological conditions that lead
to the evolution of terminal differentiation and a
germline-soma divide.
Although there is a growing literature on mod-
elling the ecology and population dynamics of ni-
trogen fixing cyanobacteria [88, 69, 65, 3], the fac-
tors that can affect the evolution of multicellular-
ity and differentiation in these organisms has not
been examined. In this work we try to approach
several fundamental questions. First, we ask what
are the fundamental conditions necessary for the
evolutionary stability of a terminally differentiated
soma in cyanobacteria. Secondly, we ask how dif-
ferentiation is related to fitness, and how the rate
of differentiation can be optimized in an evolution-
ary context. Third, we address some of the ecolog-
ical conditions that may favor the spatial separa-
tion of tasks between cyanobacterial cells. Fourth,
we examine the phylogenetic history of cyanobac-
teria in light of our theoretical results.
In the rest of this introduction we discuss the
empirical and theoretical background necessary for
the models that we subsequently develop.
1.2. Multicellularity in cyanobacteria
The cyanobacteria encompass both unicellu-
lar and multicellular species, and are among the
most ancient multicellular organisms known [75].
Among multicellular species, differentiation into
heterocystous forms seems to have a monophyletic
origin [92, 76, 89]. Multicellular cyanobacteria
such as members of the genera Anabaena and Nos-
toc are often present as filaments differentiated
into two kinds of cells: vegetatives and hetero-
cysts [98]. Some species also have akinete cells
specialized for surviving harsh conditions (hence
being similar to spores in their function). We will
not deal with akinetes in this study. Vegetative
cells are photosynthetic and reproduce by cell di-
vision, giving rise to either vegetative or hetero-
cystous cells. They use solar energy and carbon
dioxide for the purpose of carbon fixation, and
fixed nitrogen in the form of nitrates for build-
ing molecules such as amino acids. Fixed nitro-
gen is produced by heterocysts, whose main task is
nitrogen fixation using free atmospheric nitrogen.
Heterocysts cannot divide and originate from the
division of vegetative cells (a portion of vegetative
divisions leads to heterocysts instead of vegetative
cells). The need for division of labor between cells
that either fix nitrogen or carbon arises from in-
hibitory chemical interactions between photosyn-
thesis and nitrogen fixation. By having the two
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Figure 1: Schematic classification of cyanobacte-
rial species based on Rippka et al. (1979).
chemical reactions occur in different cells, filamen-
tous cyanobacteria can improve the efficiency of
nitrogen fixation. In undifferentiated cyanobacte-
ria such as Synechocystis sp. or Oscillatoria sp.,
the main strategy is to have a day and night cy-
cle (cyrcadian rythm) [84, 43, 7, 40, 44], accord-
ing to which photosynthesis and nitrogen fixation
are temporally separated. The interactions among
vegetatives and heterocysts can be also framed in
the context of cooperation. Heterocysts sacrifice
the possibility of reproduction and fix nitrogen for
all the cells, in this sense being a fully altruistic
entity. Vegetative cells are also cooperative: they
do not use all their progeny to pass their genes to
the next generation, because part of it will become
heterocystous and will lose this ability. If vegeta-
tive cells produce few or no heterocysts in order
to maximize their reproductive success, they act
as defectors.
A detailed classification of the cyanobacteria has
been made by Rippka et al. [67]. Cyanobacteria
are phenotypically classified into five sections (I-
V), which are schematically depicted in Figure 1.
In the case of heterocystous section IV species such
as Anabaena sp., it has been recently established
that filaments are truly multicellular, in the sense
that the periplasmic space along the filament is
continuous [23, 49]. This allows for an exchange
conduit for nutrients and other molecules between
cells. Given that cyanobacteria are gram nega-
tive and possess two membranes, the continuity of
the periplasm is acheived via the outer membrane,
which forms a unified compartment around a chain
of cells, rather than individual cells. Each cell is
in turn also encapsulated by its own cytoplasmic
membrane. In addition, there is some evidence for
direct exchange between the cytoplasms of adja-
cent cells through membrane channels [56].
2
1.3. Evolution of multicellularity and cooperation
The evolutionary transition between unicellular
and multicellular forms involves conflicts between
different levels of selection [12, 82, 66, 51]. The
benefits associated with multicellularity may for
example include size, nutritional advantages, col-
lective protection against antagonists, and division
of labor [77, 9, 41]. However, multicellular organi-
zation does not automatically imply the existence
of differentiation. Undifferentiated multicellular-
ity can have its own advantages over single-celled
organization [64, 63, 97].
Once multicellularity has evolved, one can con-
sider the conditions under which cellular differen-
tiation would be advantageous. For example, the
division between germline and soma can be anal-
ysed as a consequence of the interplay between
two fitness components, namely reproduction and
survival [95, 54]. Cooperation among cells is fun-
damental in building a differentiated multicellular
organism. Single entities lose the opportunity of
selfish reproduction in order to become part of a
community of cells. They produce and share nutri-
ents with the others instead of using everything to
their advantage, hence increasing the fitness of the
multicellular unit [53]. However, such a behavior
can be abandoned by defectors (or cheaters), who
exploit the cooperative acts but do not contribute
to the common good. Following the work of Hamil-
ton [30, 31], various studies have been made about
cooperation and selfish behavior using game theo-
retic approaches [81, 36, 79, 37, 60]. Non cooper-
ative or “cheating” behavior is common in many
ecosystems: cheaters can exhibit selective advan-
tages over the competitors [5, 71, 10], but can lead
to reciprocal extinction or to stable mutualistic
associations [15, 68, 21]. Over-exploitation of a
common good by cheaters is often referred to as
the “tragedy of the commons” [34]. It is known
that some kind of subpopulation grouping is re-
quired for resolving this problem. The classic ex-
planations are kin selection [30, 31, 78, 25, 46, 96]
and reciprocity [91, 5, 47, 32, 46, 86] . Other
mechanisms are for example differential disper-
sal [20, 35], resource supply [11], spatial struc-
turing of the population [59, 58, 22, 57, 64, 63],
allowing for the random emergence of association
groups [52, 87, 42], or imposing threshold condi-
tions in the rules of the game [6]. Various aspects
of these theories have been validated in microbes
[13, 85, 93, 66, 29, 90, 96]. For example, assort-
ment and phenotypic noise can allow the evolution
of self destructive-cooperation in Salmonella thy-
phimurium [1], while kin selection limits cheating
in the slime mold Dictyostelium spp. [13, 27].
Hypercycles, which are autocatalytic networks
of enzyme reactions, are another system where the
issue of cheating and the importance of popula-
tion subdivision arises [16, 18, 19]. Hypercycles
are susceptible to invasion by “parasitic” enzymes
that have reduced catalytic activity for the repli-
cation of their target enzyme. It has been sug-
gested several times [16, 19, 80, 17, 52] that one
way to escape the problem of parasite invasion in
the latter case would be the evolution of compart-
ments or “protocells” that allow different hypercy-
cles to compete. The “stochastic corrector model”
of Szathmary and Demeter [87, 82] implements
a version of this concept. In a similar vein, an
alternative path to achieve population substruc-
turing is the introduction of spatial heterogeneity.
[8, 4, 73, 24, 38].
2. Methods
At present, there are no known single-celled
species of cyanobacteria that terminally differen-
tiate to form collaborative single species consor-
tia as a means to divide labor between nitro-
gen and carbon fixers (top-right box in Figure 1).
We model the latter hypothetical scenario (single-
celled model) and that of differentiated multicel-
lularity (compartmental model, bottom-right box
in Figure 1).
2.1. Mathematical Models
2.1.1. The single-celled model
We consider a single-celled model (Figure 2a)
where vegetatives, heterocysts and cheater vege-
tatives compete for nitrate, fixed carbon and so-
lar energy. The vegetative cells convert the solar
energy into chemical energy (fixed carbon), while
the nitrate is produced by heterocysts. Vegetative
cells divide into vegetative and heterocyst cells in
different proportions. The cheaters, when present
in the system, produce and consume resources at
the same rate as the non cheater vegetatives, but
they produce less heterocysts —or do not produce
them at all. In this model, the resources are shared
by all cells living in the environment.
We describe the single-celled model with the fol-
lowing system of ODEs:
3
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Figure 2: Schematic representation of interactions between the variables of the models.
dN
dt
= 2aH
C
C + k
− p3N − r(V + V ′)Z
− q N
N + k
(V +H + V ′)
dV
dt
= −p3V + pv V Z
dH
dt
= −p3H + ph V Z + ph′ V ′ Z
dV ′
dt
= −p3 V ′ + pv′ V ′ Z
dC
dt
= ceZL − p3C − r(V + V ′)Z−
− q C
C + k
(V +H + V ′)− aH C
C + k
(1)
where
Z = Z(N,C) =
r0
1
k0
+ 1kC C +
1
kN N
+ 1kNC N C
,
ZL = ZL(I,G) =
r0
1
k0
+ 1kI I +
1
kG G
+ 1kIG I G
.
I = irradiance (constant),
G = V + V ′ (photosynthetic units) ,
pv + ph = 1, pv′ + ph′ = 1
(2)
In (1), N is the nitrate concentration, V , H
and V ′ are the concentrations of resident vege-
tative, heterocyst and cheaters cells respectively
(cells/unit volume) and C the concentration of
chemical energy (sugar in the form of glucose).
The equations have been built on and can be
explained by the following assumptions:
(i) Reproduction and housekeeping. The parame-
ter pv indicates the proportion of vegetative cells
originated at any reproduction event. Cheater
cells behave similar to vegetative cells, except for
their pv value, designated as pv′ . Heterocysts are
produced in proportion ph by vegetatives and in
proportion ph′ by cheaters. Vegetative cells use
chemical energy to support dividing (−rV Z) and
living costs (−qV CC+k ). Heterocyst cells use chem-
ical energy for nitrogen fixation (−aH CC+k ) and
living costs (−qH CC+k ). We assume the same
death rate p3 for all cells. The reproduction of veg-
etatives is regulated by Z = Z(N,C), a Michaelis-
Menten type saturation function for two substrates
(here nitrogen and sugar).
(ii) Energetics of nitrogen fixation. Heterocysts
are responsible for nitrogen fixation, which re-
quires about 19 molecules of ATP. Taking into ac-
count that a molecule of glucose gives roughly 38
ATP molecules [45], we have
38 ATP/glucose
19 ATP/fixed N
' 2 · fixed N/glucose .
This relation is the basis for an assumed ratio of
2 molecules of nitrogen produced for every glu-
cose consumed. Nitrogen fixation is only possi-
ble whenever carbon (sugar) is available and it
is limited by a saturation function dependent on
sugar. It is assumed that free nitrogen is not a
limiting factor. Decrease in nitrate is due to nat-
ural decay (−p3N), to housekeeping or living cost
(−q NN+k (V + H)) and to reproduction of vegeta-
tive cells (−rV Z).
(iii) Light harvesting. The solar irradiance, I, is
treated as a static parameter, as is common prac-
tice in basic models of photosynthesis [33, 70].
The irradiance is absorbed and transformed into
chemical energy (six-carbon-sugar) by vegetative
4
and cheater cells. The total production of sugar
depends on I and on the total concentration of
photosynthetic units G (PSU). We use the func-
tion ZL = ZL(I,G) to describe the connection be-
tween light harvesting and sugar production. In
ZL, the solar irradiance I is absorbed by the pho-
tosynthetic units G = (V + V ′) present in both
the normal and cheater vegetative cells, hence I
and G are considered as substrates for ZL. This
type of saturation function ensures that whenever
a substrate is limiting the considered cellular ac-
tivity, the potential increase of the other substrate
does not enhance the activity. The solar energy
is converted into carbon at a rate ce. We assume
that CO2 concentrations are not a limiting factor.
Carbon is subject to a natural decay (−p3C).
(iv) Carbon to Nitrogen consumption ratios. Dur-
ing exponential growth, the average ratio of car-
bon to nitrate is roughly C:N'6:1 [94] in a bacte-
rial cell. The uptake of carbon should hence be 6
times higher that that of nitrate. However, consid-
ering that a molecule of glucose contains six carbon
atoms, we have C:N'1:1. The parameter r and q
represent the rate of uptake of N and C for repro-
duction and housekeeping respectively. Based on
a 1:1 expectation for C:N content, the coefficients
for C:N consumption for both reproduction and
housekeeping are assumed to be one.
2.1.2. The compartmental model of multicellular-
ity
In the compartmental model (Figure 2b), only
the solar energy is shared, while different compart-
ments produce and consume their own sugar and
nitrate units. The cheater is now an aggregate in
which the proportion of vegetative cells produced
at each division is higher than in the other. The
compartmental model is a simplified representa-
tion of multicellularity, in which each compart-
ment represents a distinct multicellular individual.
Both compartments compete for the same solar en-
ergy source, but each has its own cells, nitrate and
chemical energy. The following ODE set describes
the dynamics of the compartmental model:
dN
dt
= 2aH
C
C + k
− p3N−
− rV Z − q N
N + k
(V +H)
dV
dt
= −p3V + pv V Z
dH
dt
= −p3H + ph V Z
dC
dt
=
V
V + V ′
ceZL − p3C − rV Z−
− aH C
C + k
− q C
C + k
(V +H)
dN ′
dt
= 2aH ′
C ′
C ′ + k
− p3N ′ − rV ′Z ′−
− q N
′
N ′ + k
(V ′ +H ′)
dV ′
dt
= −p3V ′ + pv′ V ′ Z ′
dH ′
dt
= −p3H ′ + ph′ V ′ Z ′
dC ′
dt
=
V ′
V + V ′
ceZL − p3C ′ − rV ′Z ′−
− aH ′ C
′
C ′ + k
− q C
′
C ′ + k
(V ′ +H ′)
(3)
where
Z = Z(N,C) =
r0
1
k0
+ 1kC C +
1
kN N
+ 1kNC N C
,
Z ′ = Z ′(N,C) =
r0
1
k0
+ 1kC C′ +
1
kN N ′
+ 1kNC N ′ C′
,
ZL = ZL(I,G) =
r0
1
k0
+ 1kI I +
1
kG G
+ 1kIG I G
.
I = irradiance (constant),
G = V + V ′ (photosynthetic units) ,
pv + ph = 1, pv′ + ph′ = 1
(4)
Variables N,V,H,C respectively represent ni-
trate, vegetatives, heterocysts and chemical energy
concentrations of the first filament respectively,
while N ′, V ′,H ′, C ′ represent the corresponding
variables for the second compartment. The func-
tions Z and Z ′ have the same meaning as in the
single-celled model, except that in this case, they
are functions of the respective nitrate and chemi-
cal energy of the two compartments. Competition
for light between compartments is expressed in the
function ZL, by the variable G = V + V ′. Light
harvesting is due to both compartments, but the
terms VV+V ′ and
V ′
V+V ′ indicate that the income
of sugar into the different aggregates is mediated
by the concentration of photosynthetic units be-
longing to the corresponding compartments, hence
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(a) Pure cheaters in the single-celled model
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(b) Pure cheaters in the compartmental model
Figure 3: Effect of pure cheaters on the resident population. V = vegetatives, H = heterocysts, V ′ =
cheaters, H ′ = heterocysts in the compartment with cheaters. In (a), all the cell types reach zero, while
in (b), cells of the non mutant compartment can grow and reach a positive steady state.
allowing competition for light. The same assump-
tions (i)-(v) for system (1) listed in section 2.1.1
hold also for system (3).
2.2. Numerical analysis of the models
Due to the high nonlinearity of the equations,
we do not derive the analytical expression of the
steady states of the system nor do we analyti-
cally carry out stability analysis. However, nu-
merical simulations indicate that both systems
can evolve towards three different kinds of steady
state: one corresponding to the extinction of res-
ident and cheater populations (Y1), one in which
only the resident population survives (Y2), and one
in which the cheaters overcome the resident pop-
ulation (Y3). Parameters listed in Table 1 have
been used in the simulations as default parame-
ters. Structural stability of the models has been
tested by random sampling of parameters and ini-
tial conditions in R21 and in R22 for the single-
celled and compartmental model respectively (re-
sults in Supplementary Information). Numerical
integration has been performed using a variable or-
der solver based on linear implicit multistep meth-
ods, implemented in function ode15s of Matlab
(http://www.mathworks.com/).
2.3. Evolutionary stability against cheaters
Using the models in section 2.1, we simulate
competitions between a resident population and
either pure or partial cheaters. Mutation is intro-
duced in the systems in the following ways. In the
case of pure cheaters, the latter are considered as
the mutant. In the single-celled model, mutants
are present in the mixed population from the be-
ginning in a given proportion. In the compartmen-
tal model, they are introduced in only one of the
compartments, while the other one is preserved.
In the case of partial cheaters, in both models and
for each mutational event, the strain with a pv dif-
ferent from the resident strain is considered as the
mutant.
2.3.1. Evolutionary optimization of vegeta-
tive/heterocyst ratio
We consider competitions between strains that
differ in their pv value, with 0 < pv < 1. We
simulate consecutive competitions between a res-
ident strain (wild type) and a newly arrived mu-
tant. Each step of the simulation is a mutational
event, in which after the competition, the winner
strain establishes its pv value as the wild type for
the next generation (see Supporting Information
for details of the algorithm).
2.4. Division of labor in time and space: periodic
vs. differentiated cyanobacteria
We model a population of undifferentiated
cyanobacteria subject to day/night irradiance cy-
cle by the following ODE system:
dN
dt
= 2aδn
C
C + k
V − p3N − rV Z − q N
N + k
V
dV
dt
= −p3V + V Z
dC
dt
= ceZL − p3C − rV Z − (aδn + q) C
C + k
V
(5)
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Parameter description Symbol Value Unit
Uptake of N and C for reproduction r 5 mol · cells−1
Uptake of N and C for housekeeping q 0.8 mol · cells−1 · s−1
Uptake of C for N-fixation a 1 mol · cells−1 · s−1
Decay rate p3 0.001 s−1
Irradiance I 1000 µE · cm−2 · s−1
Rate of energy conversion ce 0.8 mol · cm−3
Total stoichiometric concentration r0 0.1
First order rate constant k0 10 s−1
Nitrate specificity constant kN 10 mol−1 · cm3 · s−1
Carbon specificity constant kC 10 mol−1 · cm3 · s−1
N-C product specificity constant kNC 1 (mol−1 · cm3)2 · s−1
Irradiance specificity constant kI 10 µE−1 · cm2
PSU specificity constant kG, kV 10 cells−1 · cm3 · s−1
Irradiance-PSU product specificity constant kIG, kIV 1 cells−1 · µE−1 · cm5
Transformed Hill sine/cosine functions γ 30
Table 1: Parameters values used in the simulations. Abbreviations: E, Einstein; PSU, photosynthetic
units.
where
Z = Z(N,C) =
r0
1
k0
+ 1kC C +
1
kN N
+ 1kNC N C
,
ZL = ZL(I, V ) =
r0
1
k0
+ 1kI I +
1
kV V
+ 1kIV I V
.
(6)
I(t) = A
(ρ(t) + 1)γ
(mγ + (ρ(t) + 1)γ)
(7)
ρ(t) = sin(
pit
12
) (8)
δn = 1− (ρ(t) + 1)
γ
(mγ + (ρ(t) + 1)γ)
(9)
In (5), N,C, and V are fixed nitrogen, carbon
and cell concentrations respectively. The irradi-
ance I and the nitrogen fixation function δn are
Hill transformed sine curves that represent the
daylight dependent periodicity [50]. The default
parameter values are as in Table 1. In this model,
we assume that cells do not have a true inter-
nal circadian rhythm, but they tune their tasks
according to the external day/night alternation.
During daylight, the periodic organisms only per-
form photosynthesis (I ' 1, δn ' 0) because of O2
inhibition. At night, when the absence of light im-
pede photosynthesis, nitrogen fixation is allowed
(I ' 0, δn ' 1). We compare the performance
of undifferentiated periodic species in (5) with the
multicellular differentiated species, when the irra-
diance is described with a Hill transformed sine
curve as in (7). To model a population of differ-
entiated cyanobacteria subject to a day/night ir-
radiance cycle, we modify system (1) by removing
cheaters (V ′) and using (7) for irradiance:
dN
dt
= 2a
C
C + k
H − p3N − rV Z − q N
N + k
(V +H)
dV
dt
= −p3V + pvV Z
dH
dt
= −p3H + phV Z
dC
dt
= ceZL − p3C − rV Z − aH C
C + k
− q C
C + k
(V +H)
(10)
where Z,ZL and I are as in (6) and (7). As nitro-
gen fixation is always performed by heterocysts,
the function δn is not needed. We compare the
performance of the two models with different day
and night durations, by changing the value of m
in I and δn. Large and small values of m corre-
spond to long and short dark periods respectively.
We map the values of m into a percentage of day-
light (details in Supplementary Information). As
the mapping is based on an approximation of the
duration of the day, it is not suited to treat nei-
ther complete darkness nor absence of darkness.
For these cases, we directly set I = 0, I = 1 re-
spectively.
2.5. Phylogenetic Analysis of Cyanobacteria
For this study, 16S rRNA gene sequences of
37 cyanobacteria and an outgroup were obtained
from GenBank (Table 1 in Supporting Informa-
tion). The ingroup is represented by 9 single celled
bacteria from clade I, 4 single celled bacteria from
clade II, 14 multicellular bacteria from clade III,
7
7 multicellular heterocyst forming bacteria from
clade IV and 4 branching bacteria from clade V.
Our labeling into clades I-V is based on Rippka
et al. [67]. Agrobacterium tumefaciens was used
for outgroup comparison as suggested in previous
studies [39, 62]. Details of the analysis are pro-
vided in Supporting Information.
3. Results
3.1. Effect of pure cheaters on evolutionary stabil-
ity
In the single-celled model, introduction of pure
cheaters leads to the extinction of the population
(Figure 3a). Cheaters grow faster and subtract re-
sources from the resident population, which even-
tually starts decaying after reaching an initial
peak. Once the normal vegetative cells are ex-
tinct, no entity in the system is able to produce
nitrate and the cheaters also die. The collapse of
the system in the single-celled model is primarily
caused by the fact that the resources are shared
between organisms.
In the compartmental model, a pure cheater cell
gives rise to an aggregate of cells that can not sus-
tain itself. The compartmentalization afforded by
separate multicellular aggregates (i.e. “multicel-
lular” individuals) allows genetically related cells
to protect their resources from a cheater invasion
in another aggregate. Hence a cheater can destroy
the multicellular aggregate that it arises in, but it
cannot destroy the whole population (Figure 3b).
The basic dynamics of the models without cheaters
are provided in Supplementary Information.
3.2. Effect of partial cheaters on evolutionary sta-
bility
Partial cheating refers to the situation in which
a mutant vegetative cell produces heterocysts in
a smaller proportion than the resident vegetative
cells. We investigated the criterion that leads to
the success of one genotype over the other, when
two competing populations differ in their pv value.
We tested the outcomes of competitions in both
models using Montecarlo simulations, where pairs
of pv and pv′ values were sampled randomly in the
interval [0, 1]. Vegetative cells belonging to strains
with pv and pv′ are indicated by V and V ′ respec-
tively. Vegetative steady states after competitions
are shown in Figure 4. Figure 4a shows the results
for the single-celled model. In this case we find
that at a steady state, V > V ′ when pv > pv′
and similarly, V ′ > V when pv′ > pv. Hence
we conclude that in the single-celled model, the
winning factor in the competitions is the value of
pv. The strain with the higher pv outcompete the
other. This result holds when randomly sampling
through alternative parameter values and initial
conditions (see Supporting Information).
When tested for the compartmental model, the
latter winning criterion does not hold. Figure 4b
shows that having a higher pv does not play a role
anymore. In the multicellular organization, the
winning indicator is the vegetative steady state
value that would be reached with the correspond-
ing pv or pv′ value in isolation. This winning in-
dicator is in essence the carrying capacity of each
strain when grown separate from the other. Given
any two competing strains, we found that the win-
ning strain almost always had the higher carrying
capacity when grown in isolation. This in turn
depends on the corresponding proportion of vege-
tative and heterocyst cells produced during repro-
duction. Given equal initial conditions for both
compartments, the carrying capacity holds true as
the winning factor in 97% - 98% of cases when the
full parameter space R22 is sampled randomly (de-
tails in Supplementary Information). The 2%-3%
exceptions correspond to cases in which (i) a nu-
merical error occurs; (ii) pv ' pv′ , hence the time
required for the populations to stabilize is longer
than the simulation time; (iii) The pv value of the
loser is too close to 0, hence the corresponding
population can not grow.
3.2.1. The optimal rate of differentiation (pv)
The vegetative cell steady state is dependent on
the pv value. We found that the carrying capacity
for the number of vegetative cells is a parabola-
shaped function of pv (Figures 5a-b). Hence, a
population too rich in vegetative cells would be
disadvantaged in comparison to a population with
pv closer to the maximum of the curve. Iden-
tical optimality conditions hold in both models.
Interestingly, the fact that the optimal pv values
are usually above 0.5 agrees with other theoreti-
cal work [97] indicating that the optimal fraction
of germline cells in simple multicellular organisms
will be higher than that of somatic cells. It also
agrees with the high proportion of vegetatives seen
in cyanobacteria. Figures 5a-b illustrate further
what we see in Figures 4a-b. Consider the outcome
of competitions between a pair of strains with dif-
ferent pv values. In the single-celled model, the
strain with the higher pv wins, hence the optimal
pv can be surpassed (Figure 5a). In the compart-
mental model, the population with the potential of
a higher carrying capacity outcompetes the other,
getting closer to the optimal pv (Figure 5b). These
results led us to consider the case of repeated com-
petitions, as analyzed in the following section.
8
0
0.2
0.4
0.6
0.8
1
0
0.2
0.4
0.6
0.8
1
0
5
10
15
20
25
30
 
p
v ‘
 
(a) Single-celled model:  
the strain with the larger pv wins
po
pu
lat
io
n
 d
en
sit
y
p
v 0
0.2
0.4
0.6
0.8
1
0
0.5
1
0
10
20
30
40
 
 
(b) Compartmental model:  
the strain with higher carring capacity wins
steady state of the strain with di!erentiation rate pv
steady state of the strain with di!erentiation rate pv ‘
po
pu
lat
io
n
 d
en
sit
y
p
v ‘
p
v
Figure 4: Steady state density of vegetative cells after competitions between strains differing in their pv
value (plots show representative 15,000 competitions from 115,000). The blue and red dots correspond to
strains competing with differentiation rates of pv (blue) and pv′ (red) respectively. (a) In the single-celled
model, the strain with the higher pv wins. Hence, when pv > pv′ , the strains with pv (blue dots) are
shown at a higher steady state. When pv′ > pv, the red dots are shown at a higher steady state. (b) In
the compartmental model, the strain with the higher carrying capacity wins. The ratio of pv to pv′ is no
longer the factor that determines which strain wins.
3.2.2. Evolutionary Optimization of pv
Stochastic simulations of successive mutational
events test the ability of the two strategies to
evolve towards the optimal pv value. Figure 5c
shows the outcome in the single-celled model. The
population always evolves to a full cheater situa-
tion, where pv = 1. Hence in this case optimiza-
tion is not possible. After each mutational event
the population with the higher pv value will go
to fixation, hence increasing pv towards 1. Figure
5d shows the results of the compartmental model.
In this case, mutant competitions automatically
lead to optimization towards the pv value that
corresponds to the maximum steady state value
of vegetatives. Hence, compartmentalization al-
lows populations to evolve towards optimal ratios
of vegetative to heterocyst cells.
3.3. Duration of daylight and separation of tasks
in time and space
We numerically solve systems (5) and (10) sep-
arately. Figure 6b shows the steady states of
the populations going from permanent darkness
to permanent light. In the extreme case of per-
manent darkness, both species die because of the
lack of photosynthesis. In regimes where the per-
centage of daylight is scarce, the species following
the external day/light periodicity reaches a higher
carrying capacity than the multicellular differen-
tiated species. The opposite happens when the
duration of daylight is much longer than night. In
the latter case, as the daylight period is extended,
the production of nitrogen decreases in the undif-
ferentiated bacteria until it equals or is less than
its consumption. In this situation the steady state
population decays to 0. Hence long daylight con-
veys an advantage to division of tasks in space
by means of differentiation. Figure 6b shows a
crossover point between the steady states, after
which periodic species perform worse than the het-
erocystous. In order to check the occurrence and
the location of a crossover point for a more general
parameter space, we repeated 6000 times the scan
of external daylight percentage for the two mod-
els. Each time we sampled randomly the values of
parameters a, q, r, A. We recorded the position of
the crossover point and we plotted the correspond-
ing distribution through the histogram showed in
Figure 6c. We can conclude that in the 98,8% of
the cases, there was always a crossover point after
which the undifferentiated species reach a lower
carrying capacity than the differentiated species.
In the majority of the cases (75% of the cases),
the crossover point is at 0.5, corresponding to a
situation where the duration of night equals that
of the day. These results indicate that environ-
ments where the dark period is significantly longer
than the daylight period can be disadvantageous
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Figure 5: Optimization of vegetative to heterocyst cell ratios. Plots (a) and (b) illustrate the winning
factor in competitions between strains with different pv. The parabola-shaped curve represents the
carrying capacity as function of pv. For each case, the carrying capacity of two pairs of strains simulated
in isolation are shown as examples (green and blue squares). Next to each strain, we indicate the
outcome of the competition within the pair (winner or loser). (a) In the single-celled model, the strain
with the higher pv wins. (b) In the compartmental model, the one reaching the higher carrying capacity
wins. Plots (c) and (d) show the outcome of repeated mutational events, at which a competition between
resident and mutant strain take place. (c) In the single-celled model, the optimal pv (red line) is surpassed
and pv → 1. (d) In the compartmental model, pv tends to the optimal value.
to terminally differentiated species.
3.4. Phylogenetic Relationships among Cyanobac-
teria
Phylogenetic relationships from 16S rDNA se-
quence of 37 strains of cyanobacteria are shown
in Figure 7. Cyanobacterial species were grouped
into classes I to V as described by Rippka et al.
1979. Therefore only the Bayesian tree is shown.
Though the topology is based on Bayesian analy-
sis, character states are colored according to par-
simony criteria (such that the least changes oc-
cur along the branches). Our analyses confirm the
polyphyly of single celled clade I and the multi-
cellular clade III as reported earlier [28, 76]. The
multicellular, terminally differentiated clades IV
and V, together form a monophyletic group sup-
ported by posterior probability (100%) and boot-
strap (86%). The latter monophyly has been
reported by other studies [92, 26, 89]. Species
from the polyphyletic clade III, belonging to the
genera Lynbya, Arthrospira, Oscillatoria and Tri-
chodesmium, form the sister group of the mono-
phyletic clade IV and V (blue box in figure 7). The
10
(a)
0 20 40 60 80 100
0
500
1000
t (hours)
Irr
ad
ian
ce
 I(t
)
d
a
yl
ig
h
t 
d
u
ra
ti
o
n
high-irradiance 
regions
low-irradiance 
regions
(b)
0 0.2 0.4 0.6 0.8 1
0
50
100
150
200
250
300
po
pu
la
tio
n 
de
n
sit
y
 
 
day/night periodic
di!erentiated
0.1 0.3 0.5 0.7 0.9
(c)
1000
2000
3000
4000
5000
100%100%
75%
50%
25%
crossover point
Distribution of the crossover point
crossover 
point
differentiated species win 
after the crossover point
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
0%
undifferentiated species win 
before the crossover point
Figure 6: (a). The irradiance function I(t) as in equation (7), when the duration of day and night are
equal. (b). Case study showing the comparison of the steady states of species following the day/night
periodicity vs. differentiated species for different external irradiance cycles. Undifferentiated species that
follow the day/night alternation reach a higher steady state in environments where the daylight is less or
equal than the dark period. The point after which the differentiated species perform better is indicated
by the crossover point. (c) Distribution of the crossover points based on 6000 trials. Parameters a, q, r, A
were sampled randomly. In 75 % of the cases, the crossover point locates around 0.5.
phylogeny supports the conclusions of the simula-
tions, according to which undifferentiated multi-
cellularity evolved first, and hence made terminal
differentiation possible.
4. Discussion
At first glance, multicellularity can appear as
an obvious prerequisite for cellular differentiation.
However, from a logical perspective, alternative
developmental strategies are in principle possible.
It has been recently emphasized [48] that it is
important to strengthen the connection between
theoretical models on the evolution of coopera-
tion and explicit empirical cases. The framework
we present here is formulated with this goal in
mind, whereby we take a mechanistic representa-
tion of known biochemical interactions in an im-
portant group of organisms (the cyanobacteria),
and show how the latter interactions fit into theo-
retical frameworks that attempt to explain multi-
cellularity and the division of labor.
As discussed in section 1.3, practically all so-
lutions for avoiding the tragedy of the com-
mons involve somehow separating the population
into competing subsets. The results in sections
3.1 and 3.2 are no exception to the latter rule.
Compartmentalization allows for the protection
of vital resources from potential disruptive mu-
tations, whose effect can be limited to the com-
partment they arise in. Furthermore, multicel-
lularity guarantees that cells in a compartment
are clones. One could in fact make the argu-
ment that the evolution of multicellularity —and
thereby compartmentalization— is a mechanis-
tic means by which kin selection becomes “hard-
wired” for a population of cooperating cyanobac-
terial cells. The cell interactions in the cyanobac-
terial system also have some structural similari-
ties to a two component hypercycle with a single
self-replicating catalyst, the main difference being
the lack of hypergeometric growth in the bacterial
case. It is noteworthy that conclusions previously
derived from the study of hypercycles [19, 52, 87]
can also apply to cell interactions and the evo-
lution of multicellularity, indicating the potential
generality of the former theory.
The cyanobacterial cell system has also some
commonalities with cooperation games. The
tragedy of the commons can for example be char-
acterized by games like the Prisoner’s Dilemma,
where the optimal strategy corresponds to coop-
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Figure 7: Phylogenetic Tree of Cyanobacteria.
Bayesian-Tree of 16S rDNA sequences, based on
GTR+I+G substitution model, with Agrobac-
terium tumefaciens as an outgroup. Shown at
the nodes are only posterior probabilities (>50%)
or both posterior probabilities/bootstrap (>50%).
Posterior probabilities were calculated from 12,001
trees. Bootstrap values are obtained from 400
pseudo-replicates with maximum likelihood.
eration of both players. However, the cell in-
teractions that we consider do not directly map
to a simple n-player game with a payoff matrix.
Nonetheless, one may say that populations that
converge on the optimal pv, are in a state where
all individuals are cooperating.
As seen in section 3.2, the vegetative/heterocyst
ratio has an effect on the carrying capacity of the
population. Hence the tuning of the proportion
of vegetatives upon division (pv) can lead to the
maximization of the carrying capacity. The au-
tonomous optimization of the carrying capacity
after repeated mutational events is found to be
very different in the two models, as shown in sec-
tion 3.2.2. The single-celled strategy causes the
fixation of the variant producing the most veg-
etative cells, thus converging to the value corre-
sponding to the pure cheater case. Hence, higher
fertility in the short term leads to decrease of car-
rying capacity and eventual extinction of the pop-
ulation in the long term. This explains why this
evolutionary step is not observed in nature (see
Figure 8). On the other hand, the multicellular
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Figure 8: The evolutionary paths leading to divi-
sion of labor in cyanobacteria. A direct transition
from A to C is in principle possible. Simulations
exclude node B’. The phylogenetic tree supports
the path B → C.
strategy allows for optimization towards the most
profitable proportion of vegetative and heterocyst
cells and for the selection and fixation of mutants
that correspond to the maximal carrying capacity
achievable by the population. Interestingly, this
observation agrees with the almost constant veg-
etative/heterocysts ratio seen in many species of
filamentous cyanobacteria [2].
The results from sections 3.1 and 3.2 exclude
the possibility of a transition from the undifferen-
tiated unicellular stage to a differentiated single-
celled one. Therefore, to achieve division of labor
in cyanobacteria, two other paths are in principle
possible: from undifferentiated unicellularity di-
rectly to differentiated multicellularity, or via the
intermediate step of undifferentiated multicellular-
ity (Figure 8). The outcome of the phylogenetic
analyses in section 3.4 supports the second alter-
native, providing empirical evidence that the route
to division of labor has included undifferentiated
multicellularity. The combination of theoretical
and phylogenetic results presented here lead to the
conclusion that for the class of interactions occur-
ring in cyanobacteria, multicellularity is a neces-
sary condition for the evolution of terminal differ-
entiation and the optimization of division of labor.
To further understand the ecological factors af-
fecting the evolution of differentiation, we com-
pared the advantages of a spatial separation of
tasks over a temporal separation. The geographic
distribution of cyanobacteria varies from mild to
extreme environments [61]. It is known that en-
vironmental factors such as temperature can favor
different forms of differentiation in cyanobacteria
[83]. However there is at present no clear under-
standing of the distribution pattern of differenti-
ated vs. undifferentiated cyanobacteria. Accord-
ing to results from our model of bacteria following
the day/night periodicity in section 3.3, division
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of labor by means of terminal differentiation is ad-
vantageous when the proportion of day is higher
than that of night. In the latter case, the un-
differentiated cyanobacteria fix nitrogen only in
the short dark period. Meanwhile heterocystous
cyanobacteria fix nitrogen also during the long
day period. Conversely, in cases with scarce day-
light, undifferentiated species have an advantage
because during the short daylight period all avail-
able cells are devoted to light harvesting.
The undifferentiated species that we model sim-
ply follow the day/night alternation imposed by
the external conditions, without the possibility of
development of an internal cycle. The evolution
of a self regulated cycle that is independent of ex-
ternal light periodicity can potentially enhance the
fitness of such bacteria, because the cycle can then
be optimized according to the resource require-
ments. Hence if the circadian rhythm is optimized,
there is the possibility that the undifferentiated
circadian species can be also competitive in re-
gions with long daylight periods. A true circadian
rhythm has been observed in unicellular cyanobac-
teria such as Synechococcus [55]. Further investi-
gation of the benefits provided by an internal cycle
could give an explanation for the maintenance of
circadian rhythms in cyanobacteria. On the other
hand, the development and regulation of such com-
plex mechanisms is costly for the organism, and
one may argue that a high cost of switching could
support selection for differentiated species.
Our results on the response to daylight period-
icities provide the general conclusion that in an
environment with a short light period, selection
acts against heterocystous cyanobacteria. In
regimes of prevailing darkness, the absence of
differentiation and the evolution of a circadian
rhythm —or at least the simple adjustment
according to the external periodicity— is ad-
vantageous. Hence adaptation to long daylight
periods can be indicated as a possible reason
for the evolution of terminal differentiation in
cyanobacteria. The latter is a hypothesis that
can be subject to empirical testing. Laboratory
experiments can determine the outcome of compe-
titions between undifferentiated and differentiated
species under different day/night regimes. In
addition, in order to determine seasonal differ-
ences between differentiated and undifferentiated
species, ecological observations involving sample
collection and quantitative measurements of
species abundances could be systematically done
in different seasons and at different latitudes.
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